AD 


Award  Number:  W81XWH-1 1-2-0060 

TITLE  :  Sleep  Resilience,  Comorbid  Anxiety,  and  Treatment  in  a  Murine  Model  of  PTSD 

PRINCIPAL  INVESTIGATOR:  Christopher  P.  O’Donnell,  Ph.D. 

CONTRACTING  ORGANIZATION :  University  of  Pittsburgh, 

Pittsburgh,  PA  15213-3320 

REPORT  DATE:  April  2014 


TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 

DISTRIBUTION  STATEMENT: 

X  Approved  for  public  release;  distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing 
this  burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202- 
4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently 
valid  OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

April  2014  Final 

3.  DATES  COVERED  (From  -  To) 

1  December  2010-31  March  2014 

4.  TITLE  AND  SUBTITLE 

Sleep  resilience,  comorbid  anxiety,  and  treatment  in  a  murine  Model  of  PTSD 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

W81XWH- 11-2-0060 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

Christopher  P.  O’Donnell 

email:  odonnellcp@upmc.edu 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

University  of  Pittsburgh 

Pittsburgh  PA  15213-3320 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Materiel 

Command 

Fort  Detrich,  Maryland  21702-5012 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 

NUMBER(S) 

12.  DISTRIBUTION  /  AVAILABILITY  STATEMENT 

Approved  for  public  release:  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

Sleep  disturbances  are  an  important  pathway  by  which  the  negative  effects  of  trauma  exposure  lead  to  PTSD  and  other  psychological 
difficulties.  Because  it  is  difficult  to  test  and  control  the  effects  of  trauma  exposure  in  humans,  we  have  developed  a  novel  mouse  model  of 
PTSD  that  is  based  on  well-established  paradigms  of  fear  conditioning  (FC).  We  specifically  developed  a  conditioning  stimulus  of  mild 
transient  hypercapnia  that  we  proposed  could  be  used  for  re-exposure  during  periods  of  sleep.  We  have  initially  validated  our  model  by 
showing  that  mice  exhibit  a  marked  bradycardia  and  changes  in  EMG  activity  with  exposure  to  hypercapnia  prior  to  foot  shock 
(conditioned  stimulus).  We  have  gone  on  to  show  that  the  physiologic  responses  to  the  conditioning  stimulus  are  dependent  on  genetic 
background.  We  have  also  been  able  to  successfully  re-expose  conditioned  animals  to  hypercapnia  during  sleep  and  again  have  shown 
genetic  differences  exist  in  the  hyperarousal  state  that  develops  with  re-exposure.  These  initial  studies  both  validate  our  model  and 
demonstrate  that  re-exposure  of  a  conditioning  stimulus  during  the  unconscious  state  can  produce  or  exacerbate  and  underlying  state  of 
hyperarousability. 

15.  SUBJECT  TERMS 

PTSD,  fear  conditioning,  sleep,  hypercapnia,  mice,  genetics 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

uu 

18.  NUMBER 
OF  PAGES 

25 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


Introduction . 4 

Body . 4 

Key  Research  Accomplishments . 10 

Reportable  Outcomes . 10 

Conclusion . 11 

References . 11 

Appendices . 12 


Sleep  resilience,  comorbid  anxiety,  and  treatment  in  a  murine  model  of  PTSD 


W81XWH-1 1-2-0060 
Annual  Technical  Progress  Report 
Progress  Period:  December  31, 2012  to  March  31, 2014 


I.  INTRODUCTION _ 

PTSD  is  a  prevalent  psychiatric  disorder  characterized  by  intrusive  thoughts  and  images  during  wake 
and  sleep,  hyperarousal,  and  avoidance  of  trauma  reminders  persisting  more  than  one  month  after 
trauma  exposure.  Recent  estimates  suggest  that  almost  20%  of  military  personnel  who  serve  in  current 
conflicts  meet  PTSD  diagnostic  criteria.  PTSD  is  associated  with  considerable  health  care  utilization 
and  costs,  and  psychiatric  comorbidity  is  the  norm  rather  than  the  exception  in  PTSD. 

Sleep  disturbances  are  an  important  pathway  by  which  the  negative  effects  of  trauma  exposure  lead  to 
PTSD  and  other  psychological  difficulties,  and  that  protecting  military  personnel  and  civilians  from  the 
negative  effects  of  trauma  exposure  may  involve  strategies  to  promote  and  protect  consolidated  sleep. 
Because  it  is  difficult  to  test  and  control  the  effects  of  trauma  exposure  in  humans,  we  will  test  our 
hypotheses  by  using  a  new  mouse  model  of  PTSD  that  is  based  on  a  well-established  model  of  fear 
conditioning  (FC). 

Our  overarching  objective  is  to  use  our  newly  developed  murine  model  of  fear  conditioning  (FC)  to  (1) 
study  physiological  markers  of  sleep  resilience  to  PTSD-like  symptoms  and  (2)  examine  the  role  of 
anxiety  and  the  serotonergic  and  sleep-related  pathways  that  underly  PTSD-like  syndromes.  The 
overarching  hypothesis  is  that  decreasing  sleep  resilience  in  susceptible  individuals  will  accelerate  and 
promote  acquisition  of  FC,  whereas  strengthening  serotonergic  activity  and  state-dependent  re¬ 
exposure  to  the  conditioned  stimulus  will  promote  fear  extinction  (FE).  We  propose  four  specific  aims 
that  examine  the  role  of  sleep  resilience  and  co-morbid  anxiety  on  FC  and  FE  (Aims  1  and  2).  We  will 
next  examine  the  role  of  the  serotonin  5-HT1A  pathway  in  modulating  FC  and  FE  and  the  potential  of 
pharmacologic  and  behavioral  interventions  to  impede  or  accelerate  FE  (Aims  3  &  4).  The  stated 
specific  aims  are  as  follows: 

II.  BODY _ 

Research  accomplishments  associated  with  each  task  outlined  in  the  approved  Statement  of 
Work.  The  tasks  and  timeline  initially  proposed  and  approved  in  the  approved  Statement  of  Work  are 
provided  below.  Progress  and  outcomes  on  each  of  the  tasks  listed  are  detailed  for  this  review  period. 


Task  1:  Update  all  necessary  approvals,  order  start-up  supplies  and  materials,  calibrate 
instrumentation  and  data  acquisition  and  management,  and  update  manuals  of  operations 
(Months  1-4) 

PROGRESS:  All  materials  are  in  hand  and  all  instrumentation  and  data  acquisition  equipment  is  in 
place  and  operational.  Our  initial  IACUC  protocol  (#0806601)  for  work  related  to  the  murine  model  of 
PTSD  underwent  its  three  year  renewal  at  the  time  of  the  last  progress  report  (#1106265-1).  The 
IACUC  was  subsequently  re-approved  and  is  valid  till  June  30,  2014  (attached  below  as  an  appendix 
item). 
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Task  2:  Obtain  USAMRMC  ACURO  approval 

PROGRESS:  The  University  of  Pittsburgh  IACUC  protocol  #1106265-1  was  reviewed  by  the 
USAMRMC  and  approval  notification  received  on  November  18,  2011. 

Task  3:  Hire  and  train  new  postdoctoral  fellow. 

PROGRESS:  Dr.  Angela  McDowell,  leading  the  data  collection  efforts  has  been  with  us  for  33  months 
now  and  is  performing  exceptionally  well.  She  is  a  dedicated  and  skilled  scientist  with  a  strong 
background  in  fear  conditioning  and  sleep.  Overall,  the  team  that  includes  staff  and  Co-PI,  Dr.  Anne 
Germain,  is  working  together  in  a  highly  productive  manner  and  meeting  regularly  to  track  milestones 
and  plan  upcoming  protocols.  Dr.  McDowell  is  currently  interviewing  for  faculty  positions  once  her 
commitment  on  the  current  project  is  complete. 

Task  4  (Specific  Aim  1):  Examine  the  impact  of  sleep  disruption  on  fear  learning  and  extinction 
in  a  novel,  physiologically-validated  murine  FC  model  of  PTSD.  (Months  5  to  18) 

PROGRESS:  This  task  is  complete  and  the  manuscript  is  published.  McDowell  AL,  Filippone,  AB, 
Balbir  A,  Germain,  A,  and  O’Donnell,  CP.  Mild  transient  hypercapnia  as  a  novel  fear  conditioning 
stimulus  allowing  re-exposure  during  sleep.  PLoS  One,  8(6):e67435,  2013. 


Task  5  (Aim  2):  To  determine  the  impact  of  co-morbid  conditions  of  genetic  and  environmental 
anxiousness  on  acquisition  and  extinction  in  a  murine  FC  model  of  PTSD  (Months  13  to  24). 

PROGRESS:  Task  5  completed  and  manuscript  about  to  be  submitted  for  publication.  McDowell  AL, 
Filippone  AB,  Germain,  A,  and  O’Donnell,  CP.  ‘Genetic  variability  in  fear  learning  and  awakenings  to 
re-exposure  of  a  novel  conditioning  stimulus  during  sleep.  Physiological  Genomics. 

A  second  manuscript  addressing  sleep  physiology  related  to  environmental  anxiousness  exposure 
during  the  developmental  period  is  currently  in  draft  form  (McDowell  AL,  Germain,  A,  and  O’Donnell, 

CP.  Behavioral  Predictors  of  Physiological  Sleep-wake  Outcomes  in  an  Animal  Model  of  Early-life 
Trauma).  The  main  findings  from  this  study  are  presented  below. 

Aim  of  Study 

The  aim  of  the  current  study  was  to  investigate  the  associations  between  early-life  trauma 
exposure  with  and  without  subsequent  sleep  disturbance  on  sleep-wake  patterns  in  adult  mice. 
Behavioral  markers  of  activity  and  latency  to  avoid  were  assessed  as  an  index  for  early-life  trauma 
reactivityat  four  time  points  across  development  and  24  hour  sleep-wake  data  was  collected  during 
young  adulthood.  We  hypothesized  that  animals  that  were  exposed  to  early-life  stress  followed  by 
subsequent  sleep  disturbance  would  have  a  higher  stressor  load  resulting  in  decreased  latency  to  avoid 
and  increased  activity  which  would  predict  greater  REM  sleep  disturbances  relative  to  the  other  groups. 

Study  Design 

Figure  1  shows  the  experimental  timeline.  Littermate  pups  arrived  in  the  laboratory  on  PND  21 
and  were  assigned  to  one  of  four  conditions  early  life  trauma  (ES),  adolescent  sleep-shift  disturbance 
(AS),  combined  early-life  trauma  and  adolescent  sleep-shift  disturbance  (CS  =  ES+AS),  or  handled 
controls  (C).  All  animals  were  tested  in  the  light-dark  box  immediately  before  shock  exposure  (ES  and 
CS  groups)  or  control  handling  (AS  and  C  groups)  and  on  the  day  immediately  following  (PND  29)  the 
last  shock  exposure  (ES  protocol).  The  ES  protocol  consisted  of  ten  daily  footshocks  at  the  same  time 
of  day  for  seven  consecutive  days  from  PND  22-28.  One  week  later  the  adolescent  mice  were  tested  in 
the  light-dark  box  for  a  third  time  on  PND  35  and  immediately  following  began  two  weeks  of  circadian 
sleep  disturbance  (AS  protocol;  AS  and  CS  groups)  or  were  left  undisturbed  (ES  and  C  groups).  The 
AS  protocol  consisted  of  advancing  circadian  phase  by  three  hours  for  four  days  followed  by  returning 
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Figure  1:  Schematic  of  protocol 


circadian  phase  to  the  original 
light  ON-OFF  schedule  for  three 
days  and  then  repeat  three  hour 
shift  for  four  days  followed  by 
returning  for  three  days.  Mice 
were  tested  in  the  light-dark  box 
once  more  on  PND  49  following 
the  AS  protocol.  Animals  were 
given  six  days  of  recovery  from 
instrumentation  prior  to  being 
tethered  and  between  3  and  5 
days  adaptation  to  tethering  prior 
to  recording  (PND  70  and  75) 

Study  Results 

Latency  to  avoid.  An 
ANOVA  revealed  that  there  were 
no  significant  differences 
between  handled-only  264.7  ± 

256.4  and  shocked  234.9  ± 

248.6  animals  for  latency  to 
avoid  at  baseline  (test  1)  [F  (3i24) 

=  0.675,  p  >  0.05],  To  isolate  the 

impact  of  shock  exposure  a  repeated  measures  ANOVA  was  run  for  the  first  three  testing  sessions 
between  handled-only  (n  =  20)  and  shocked  (n  =  20)  animals  (see  Figure  2A).  The  results  show  no 
overall  differences  for  testing  session  [F  (2, 76)  =  0.054,  p  >  0.05]  or  session  by  group  interaction  [F  (2, 76) 
=  2.143,  p  >  0.05],  To  isolate  immediate  versus  delayed  effects  of  exposure  to  shock  each  time  was 
separately  analyzed.  The  average  latency  to  the  dark  chamber  on  test  two  for  handled-only  animals 
was  280.6  ±  241.4  and  for  shocked  animals  was  225.1  ±  210.1  which  was  not  significantly  different  (t  = 
0.775,  p  >  0.05).  For  the  delayed  effect  of  exposure  to  shock,  the  average  latency  to  avoid  for  handled- 
only  animals  on  test  three  was  325.5  _ 

±  253.5  and  for  shocked  animals 
was  157.8  ±  216.2  which  was 
significantly  different  (t  =  2.251 ,  p  < 

0.05).  To  assess  the  added  and 
independent  effect  of  sleep-shifting, 
pairwise  comparisons  on  test  four 
revealed  that  the  CS  group  showed 
a  trend  toward  lower  latencies  to 
avoid  than  control  mice  on  test  four 
[F  (1 ,  18)  =  4.09,  p  =  0.059]  while 
no  other  significant  differences 
between  groups  emerged.  Latency 
to  avoid  for  the  control  animals  was 
1 1 7.0  ±  75.3  and  for  the  CS  group 
was  195.1  ±  40.8  (see  Figure  2C). 

Activity  behavior.  An  ANOVA 
revealed  that  there  were  no 
significant  differences  between 
handled-only  108.2  ±  88.6  and 
shocked  128.1  ±97.1  animals  for 
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Figure  2:  Behavioral  changes  associated  with  early  life  stress  and  adolescent 
stress. 
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activity  at  baseline  (test  1 )  [F  (3, 
24)  =  0.602,  p  >  0.05].  To  test 
the  impact  of  shock  exposure  a 
repeated  measures  AN  OVA 
was  run  for  the  first  three 
testing  sessions  between 
handled-only  (n  =  20)  and 
shocked  (n  =  20)  animals  (see 
Figure  2B).  The  results  show  a 
significant  overall  effect  of 
testing  session  [F  (2, 76)  =  3.150, 
p  <  0.05]  but  no  session  by 
group  interaction  [F  (2, 76)  = 
0.967,  p  >  0.05],  The  combined 
average  total  activity  for  testing 
sessions  two  and  three  for 
handled-only  animals  was 
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Figure  3:  Changes  in  sleep-wake  architecture  associated  with  early  life  stress  and 
adolescent  stress. 


143.6  ±  89.6  and  for  shocked  animals  was  156.7  ±  91.7.  Pairwise  comparisons  were  made  to  isolate 
the  effect  of  time  delay,  but  there  were  no  differences  for  test  two  (t  =  0.441 ,  p  >  0.05)  or  test  three  (t  =  - 
1.186,  p  >  0.05).  To  assess  the  added  and  independent  effect  of  sleep-shifting,  pairwise  comparisons 
on  test  four  were  made  between  control  mice  and  each  treatment  group.  A  one-way  ANOVA  revealed 
differences  between  control  and  CS  animals  [F  (1 ,  17)  =  7.76,  p  <  0.05].  Activity  for  the  control  animals 
was  1 17  ±  32.5  and  for  CS  animals  was  202.3  ±  30.9  (see  Figure  2D). 

Sleep-wake  cycle.  A  one-ANOVA  revealed  a  significant  main  effect  of  group  for  %  REM  [F  (3j23) 
=  4.109,  p  <  0.05].  Pairwise  comparisons  showed  that  control  mice  (n  =  5)  had  significantly  more 
REM%  than  the  ES  (n  =  7;  t  =  2.690,  p  <  0.05),  AS  group  (n  =  5;  t  =  4.478,  p  <  0.01),  and  the  CS 
groups  (n  =  7;  t  =  3.853,  p  <  0.01;  see  Figure  3).  A  hierarchical  regression  analysis  showed  that 
arousals  per  hour  significantly  predicted  %REM  sleep  [F  (1i24)  =  18.324,  p  <  0.01;  Beta  =  -0.666],  There 
was  no  other  overall  significant  difference  between  groups  for  any  other  24  hour  sleep-wake  measures. 

Sleep-wake  differences  were  also  partitioned  into  12  hour  light-off  and  light-on  segments  and 
additional  differences  between  groups  were  found.  Several  sleep-wake  parameters  were  found  to  be 
significantly  different  specific  to  the  light-dark  cycle.  During  the  light-off  period  there  were  significant 
differences  between  groups  on  %REM  [F  (3j47)  =  3.68,  p  <  0.05]  and  REM  bout  length  [F  (3i47)  =  4.32,  p 
<  0.01],  Pairwise  comparisons  showed  that  for  shock-exposed  mice  (ES,  t  =  4.86,  p  <  0.05)  and  (CS,  t 
=  6.15,  p  <  0.05)  the  reduction  in  %REM  was  accounted  for  within  the  light-off  period,  whereas  sleep- 
shift  disturbed  only  animals  showed  a  more  distributed  reduced  %REM  across  the  24  hour  period  (t  = 
4.22,  p  <  0.05).  During  the  light-on  period  there  were  significant  differences  between  groups  on  total 
arousals  [F  (3i47)  =  3.40,  p  <  0.05],  Pairwise  comparisons  revealed  significant  increased  arousals  for 
shock-exposed  mice:  ES  (t  =  9.57,  p  <  0.01)  and  CS  (t  =  5.42,  p  <  0.05). 


Conclusions  of  Study 

This  study  addressed  the  impact  of  early-life  exposure  to  trauma  with  and  without  subsequent 
sleep  disturbance  on  long-term  sleep-wake  architecture  measured  in  young  adult  mice.  Several 
findings  emerged  revealing  behavioral  correlates  to  early  life  exposure  to  trauma,  such  as:  1 )  decrease 
latency  to  the  dark  chamber  (increased  avoidance  of  light)  for  shock  exposed  mice  at  one  week 
following  cessation  of  the  stressor  and  2)  increased  locomotor  activity  following  sleep-shift  disturbance 
for  shock-exposed  mice.  The  greatest  impact  on  sleep  was  an  overall  significant  reduction  in  REM 
sleep  for  all  groups  relative  to  handled-only  control  mice.  The  reduction  in  REM%  was  entirely 
accounted  for  by  reductions  in  REM  during  the  light-off  period  and  was  due  to  significantly  shortened 
REM  bout  length.  The  result  suggests  that  the  issue  is  with  REM  maintenance  mechanisms  and  not 
transition  into  REM  sleep.  A  significant  increase  in  total  arousals  was  found  during  the  light-on  period. 
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Finally,  increased  total  activity  and  reduced  latency  to  avoid  weakly  mediated  the  relationship  with  REM 
latency,  but  in  opposite  directions. 

The  current  study  provides  evidence  of  a  translational  animal  model  of  early-life  trauma 
exposure  with  and  without  subsequent  sleep-shift  disturbance.  Several  important  findings  emerged  in 
the  longitudinal  design  across  the  juvenile  and  adolescent  time  period.  First,  behavioral  symptoms  of 
shock  exposure  were  delayed,  suggesting  a  cognitively-mediated  effect.  Seven  days  of  shock  exposure 
led  to  increased  avoidance,  whereas  locomotor  activity  was  significantly  increased  only  following  sleep- 
shift  disturbance  in  shock-exposed  mice.  All  groups  showed  reduced  %REM  suggesting  a  common 
pathway  of  shock  exposure  and  sleep-shift  disturbance  REM  maintenance  mechanisms.  However,  the 
antagonistic  impact  found  on  REM  sleep  onset  suggests  an  additional  mechanism  as  well.  These  data 
may  help  to  inform  human  subjects  research  which  has  shown  that  anxiety,  nightmares,  and  sleep- 
disordered  breathing  are  clinically  significant  outcomes  of  trauma  exposure  which  can  induce  or 
exacerbate  arousal  from  sleep  and  that  REM  sleep  may  be  particularly  vulnerable  state. 

Task  6  (Aim  3):  To  determine  how  re-exposure  to  a  conditioned  stimulus  of  mild  hypercapnia 
across  sleep-wake  states  promotes  extinction  in  a  murine  FC  model  of  PTSD. 

PROGRESS: 

Task  6  is  completed  and  the  data  derived  from  Task  5  and  6  have  been  combined  into  a  single 
publication  submission  noted  above:  McDowell  AL,  Filippone  AB,  Germain,  A,  and  O’Donnell,  CP. 
‘Genetic  variability  in  fear  learning  and  awakenings  to  re-exposure  of  a  novel  conditioning  stimulus 
during  sleep.  To  be  submitted  to  Physiological  Genomics. 

Task  7  (Aim  4):  To  determine  the  mechanisms  of  acquisition  and  extinction  in  a  murine  FC 
model  of  PTSD  and  to  evaluate  potential  therapeutic  targets. 

PROGRESS:  We  have  almost  completed  studies  examining  the  impact  of  the  serotonin  axis  on  fear 
conditioning  learning  and  sleep.  Dr.  Germain  is  currently  undertaking  a  DoD  study  in  human  subjects 
using  a  fear  conditioning  paradigm  and  examining  the  role  of  genetic  variation  in  the  promoter  region  of 
the  serotonin  transporter  gene.  We  are  excited  about  the  paralleling  the  mouse  and  human  studies  as 
much  as  possible  to  bring  a  translational  research  slant  to  our  ongoing  work. 

Aim  of  Study 

The  purpose  of  this  study  from  Aim  4  is  to  evaluate  the  importance  of  re-exposing  a  CS  during  the 
sleep  versus  the  wake  state  on  extinction  of  the  CS.  We  hypothesized  that  re-exposure  of  the  CS 
during  sleep  would  have  a  reduced  effect  on  eliciting  extinction  than  re-exposure  during  wakefulness. 
Furthermore,  we  hypothesized  that  the  presence  of  a  functional  serotonin  transporter  would  enhance 
the  extinction  process  after  CS  re-exposure  during  either  sleep  or  wakefulness. 

Study  Design 

Following  a  baseline  sleep  study,  animals  were  exposed  to  three  series  containing  five  sets  of 
paired  training  trials  (CS  +  footshock).  The  fear-conditioning  protocol  consisted  of  a  60  second  CS 
presentation  (mild  transient  hypercapnia),  which  predicted  the  onset  of  five  footshock  pulses  (0.5  mA 
for  0.5  sec)  that  coincided  with  the  offset  of  the  CS.  In  total,  there  were  three  series  with  five  paired 
cycles,  with  each  cycle  separated  by  three  minute  intervals  and  each  series  separated  by  two  hours. 
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Thirty  minutes  after  the  last  fear-conditioning  intervention,  the  animals  underwent  a  second  3  hr 
continuous  sleep  study.  During  this  second  sleep  study  the  animals’  individualized  thresholds  were 
utilized  for  the  real-time  assessment  of  sleep-wake  state  to  trigger  delivery  of  the  CS.  Animals  were  re¬ 
exposed  to  60  seconds  of  either  C02  during  either  sleep  or  at  an  equivalent  rate  during  wakefulness. 
For  the  sleep-delivered  stimulus,  whenever  three  minutes  of  contiguous  sleep  (either  NREM  or  REM) 
was  detected,  the  computer  triggered  delivery  of  the  CS  at  5  l/min  for  60  seconds.  After  60  seconds  of 
exposure,  room  air  was  again  delivered  to  the  chamber  until  the  next  period  of  3  consecutive  minutes  of 
sleep  was  detected.  The  second  group  of  animals  were  also  exposed  to  equivalent  rates  of  C02,  but 
only  during  wakefulness.  A  parallel  set  of  experiments  were  conducted  in  mice  with  global  genetic 
knockout  of  the  serotonin 

transporter.  Fear  conditioning 


SERT  Knockout 


Results  of  Study  WMd  Type  SErT  Knockout 

Although  we  have  almost  completed 

data  collection,  we  are  in  the  initial  f  300-,  I  300- 

stages  of  data  analyses.  As  200-  *  A  200-  ^ 

expected,  based  on  our  previous  x 1  100-  a  I  I  x  ^  100-  H  ■ 

studies,  wildtype  (WT;  C57BL/6J)  ff  »-  -■  s  |  0-  y»  ■  ■■ 

mice  exhibited  a  learned  bradycardic  “  =£-  -100-  U  [J  =“  -100'  ¥  T* 

response  to  the  CS  +  footshock  fear-  g  -200-I  g  -200-I 

conditioning  paradigm.  The  data 

Shown  in  Figure  1  demonstrate  an  ■  Exposure  ■  Recovery 

increasing  learned  bradycardic 
response  that  reached  just  over  100 

bpm  by  the  third  set  of  feer-  **  significant  difference  between  WT  (n  =  12)  and  SERT  (n  =  3)  on  exposure  series  3  (p  <  0.05) 

ronditioninn  traininn  The  serotonin  Figure  1:  Heart  rate  responses  to  fear  conditioning  in  wildtype  (C57BL/6J) 
transporter9  knoctout  mice  (SERT  and  serotonin  transporter  knockout  (SERT)  mice. 

KO)  also  displayed  a  similar  pattern  with  the  exception  that  the  third  set  of  fear-conditioning  did  not 
elicit  as  larger  bradycardia  as  seen  in  the  WT  mice  (however,  only  data  from  three  SERT  KO  mice  have 
been  analyzed  so  far). 


Exposure 


Recovery 


*  *  significant  difference  between  WT  (n  =  12)  and  SERT  (n  =  3)  on  exposure  series  3  (p  <  0.05) 

Figure  1:  Heart  rate  responses  to  fear  conditioning  in  wildtype  (C57BL/6J) 
and  serotonin  transporter  knockout  (SERT)  mice. 


We  have  found 
some  very 

interesting 

preliminary  results 
with  respect  to 
extinction  of  the 
bradycardia 
following  three 
hours  of  re¬ 
exposure  to  the  CS 
during  either  sleep 
or  wakefulness 
(Figure  2).  In  the 
WT  mice  that  were 
re-exposed  to  the 
CS  during  sleep 
there  was  no  initial 
extinction  of  the 


Extinction 


WT  Sleep  Exposure  WT  Wake  Exposure  SERT  Sleep  Exposure 


□  Exposure  ■  Recovery 


Figure  2:  Extinction  of  heart  rate  responses  after  re-exposure  to  the  CS  during  either  sleep  or 
wakefulness  in  wildtype  (C57BL/6J)  and  serotonin  transporter  knockout  (SERT)  mice. 


bradycardia,  but  the  absolute  level  of  the  bradycardia  had  decreased  by  the  third  set  of  CS  exposures. 
In  contrast,  the  WT  mice  re-exposed  to  the  CS  during  wakefulness  had  an  effectively  complete  and 
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sustained  extinction  of  the  bradycardic  response.  Interestingly,  the  SERT  KO  mice  re-exposed  to  the 
CS  during  sleep  did  not  show  any  evidence  of  extinction  across  any  of  the  three  periods  of  re-exposure 
to  the  CS. 

Preliminary  Conclusions  of  Study 

Although  we  are  still  in  the  data  analysis  stage  of  the  study,  there  does  appear  to  be  an  effect  of 
re-exposure  during  sleep  to  inhibit  the  extinction  of  a  learned  CS  response.  Re-exposure  to  the  CS 
during  wakefulness,  was  immediately  effective  at  eliciting  extinction  of  the  learned  bradycardic 
response.  We  will  next  assess  whether  the  same  pattern  of  autonomic  heart  rate  extinction  occurs  with 
complex  behavior  such  as  freezing.  In  the  small  number  of  SERT  KO  mice  analyzed  to  date  there  is 
preliminary  evidence  that  serotonin  plays  a  role  in  the  extinction  process  when  animals  are  re-exposed 
to  the  CS  during  sleep. 

Task  8.  Data  review,  quality  control  /insurance,  processing,  scoring,  and  storage  for  exploratory 
and  confirmatory  analyses. 

PROGRESS:  Data  review  and  quality  control  of  scoring  for  experimental  data  collection  related  to 
Tasks  4-6  is  completed  and  ongoing  for  Task  7. 

III.  KEY  RESEARCH  ACCOMPLISHMENTS 


•  Development  of  a  novel  murine  model  of  fear  conditioning  utilizing  mild  transient  hypercapnia  as  the 
conditioning  stimulus 

•  Demonstration  that  a  stimulus  of  mild  transient  hypercapnia  can  be  used  for  re-exposure  as  a 
conditioning  stimulus  during  the  sleep  state 

•  Showing  that  re-exposure  of  a  conditioning  stimulus  of  mild  transient  hypercapnia  during  sleep  can 
lead  to  increased  arousals  and  awakenings  despite  normal  amounts  of  NREM  and  REM  sleep 

•  Demonstration  that  genetic  background  affects  acquisition  and  habituation  to  a  conditioning  stimulus 
of  mild  transient  hypercapnia  and  that  a  fear  conditioning  susceptible  genetic  mouse  strain  exhibits 
disturbed  sleep  when  re-exposed  to  the  conditioning  stimulus 

•  Showing  that  the  combination  of  early  life  trauma  and  adolescent  sleep-shift  disturbances  lead  to 
increased  behavioral  anxiousness,  but  either  stress  alone  (or  in  combination)  lead  to  subsequent 
reduced  REM  sleep  in  adulthood 

•  Demonstration  that  re-exposure  to  a  CS  during  wakefulness  is  more  effective  than  re-exposure  during 
sleep  in  eliciting  extinction  of  a  learned  bradycardic  response,  and  the  response,  at  least  in  part,  is 
dependent  on  the  presence  of  an  intact  serotonin  transporter. 


IV.  REPORTABLE  OUTCOMES 


Peer-Reviewed  Publications 


McDowell  AL,  Filippone,  AB,  Balbir  A,  Germain,  A,  and  O’Donnell,  CP.  Mild  transient  hypercapnia  as  a 
novel  fear  conditioning  stimulus  allowing  re-exposure  during  sleep.  PLoS  One,  8(6):e67435,  2013. 
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McDowell  AL,  Filippone  AB,  Germain,  A,  and  O’Donnell,  CP.  Genetic  variability  in  fear  learning  and 
awakenings  to  re-exposure  of  a  novel  conditioning  stimulus  during  sleep.  To  be  submitted  to 
Physiological  Genomics. 

McDowell  AL,  Germain,  A,  and  O’Donnell,  CP.  Behavioral  Predictors  of  Physiological  Sleep-wake 
Outcomes  in  an  Animal  Model  of  Early-life  Trauma.  Final  draft  in  preparation  for  submission. 


Peer-Reviewed  Abstracts: 


McDowell,  A.L.,  Kretz,  B.,  Germain,  A.,  &  O’Donnell,  C.P.  (2013).  The  impact  of  exposure  to  adverse 
events  occurring  in  early  life  and  adolescence  on  sleep-wake  patterns  in  adult  mice.  APSS  abstracts, 
1159. 

McDowell,  A.L.,  Fillipone,  A.,  Romano,  L.C.,  Germain  A.,  &  O’Donnell,  C.  (2012).  Re-exposure  to  a  fear 
conditioned  stimulus  during  sleep  in  a  mouse  model  of  PTSD.  APSS  abstracts,  0159. 

Filippone,  A.,  McDowell,  A.L.,  Romano,  L.C.,  Germain,  A.,  &  O'Donnell,  C.P.  (2011).  A  novel  murine 
fear  conditioning  model  using  mild  hypercapnia  as  a  conditioned  stimulus  to  study  sleep  disturbances  in 
PTSD.  APSS  abstracts,  0256  . 

Non-Peer  Reviewed  Abstracts: 


In  April  2012  Dr.  Angela  McDowell  was  invited  to  the  NIH  American  Academy  of  Sleep  Medicine  Young 
Investigator  Forum  to  give  a  presentation  on  A  novel  model  of  fear-conditioning  in  mice  and  its  impact 
on  sleep. 

V.  CONCLUSION 


The  project  is  currently  nearing  completion.  We  have  had  a  set-back  with  the  publication  of  our  second 
manuscript  ‘Genetic  variability  in  fear  learning  and  awakenings  to  re-exposure  of  a  novel  conditioning 
stimulus  during  sleep,’  which  we  submitted  to  Physiology  and  Behavior  for  publication  last  November. 
It  took  till  early  January  for  the  on-line  status  of  the  paper  to  change  from  being  with  the  editor  to  under 
review.  After  not  hearing  anything  from  the  Journal  through  late  March  (despite  constant  emails  to  the 
Editor  and  the  Journal  staff)  we  were  finally  told  that  they  had  not  even  sent  it  out  for  review.  At  that 
point  (last  week)  we  withdrew  the  paper  from  Physiology  and  Behavior  and  will  now  send  to 
Physiological  Genomics  (who  have  a  23  day  time  to  first  decision).  The  third  paper  is  currently 
undergoing  final  draft  preparation  and  will  be  submitted  for  publication  within  one  to  two  weeks.  The 
data  collection  for  the  fourth  paper  is  almost  complete  (mainly  a  few  remaining  experiments  on  the 
SERT  KO  mice  to  be  conducted).  Overall,  we  are  pleased  with  the  productivity  on  the  project  over  the 
last  three  years  considering  our  goal  was  to  initially  develop  and  validate  a  new  model  of  fear 
conditioning  that  could  be  used  to  re-expose  the  CS  during  sleep.  We  have  subsequently  developed 
very  interesting  data  related  to  the  genetic  background,  adolescent  stress,  the  serotonin  transporter 
mechanism  as  modulators  of  behavior  and  sleep  disruptions  associated  with  fear  conditioning  as  a 
model  simulating  key  features  of  PTSD. 


VI.  REFERENCES 


None  applicable 
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VII.  APPENDIX 


•  Most  recent  IACUC  approval  letter 

•  McDowell  et  al.  ‘Mild  transient  hypercapnia  as  a  novel  fear  conditioning  stimulus  allowing  re-exposure 
during  sleep.’ 
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Abstract 

Introduction:  Studies  suggest  that  sleep  plays  a  role  in  traumatic  memories  and  that  treatment  of  sleep  disorders  may  help 
alleviate  symptoms  of  posttraumatic  stress  disorder.  Fear-conditioning  paradigms  in  rodents  are  used  to  investigate  causal 
mechanisms  of  fear  acquisition  and  the  relationship  between  sleep  and  posttraumatic  behaviors.  We  developed  a  novel 
conditioning  stimulus  (CS)  that  evoked  fear  and  was  subsequently  used  to  study  re-exposure  to  the  CS  during  sleep. 

Methods:  Experiment  1  assessed  physiological  responses  to  a  conditioned  stimulus  (mild  transient  hypercapnia,  mtHC;  3.0% 
C02;  n  =  1 7)+footshock  for  the  purpose  of  establishing  a  novel  CS  in  male  FVB/J  mice.  Responses  to  the  novel  CS  were 
compared  to  tone+footshock  (n  =  18)  and  control  groups  of  tone  alone  (n  =  17)  and  mild  transient  hypercapnia  alone 
(n  =  10).  A  second  proof  of  principle  experiment  re-exposed  animals  during  sleep  to  mild  transient  hypercapnia  or  air 
(control)  to  study  sleep  processes  related  to  the  CS. 

Results:  Footshock  elicited  a  response  of  acute  tachycardia  (30-40  bpm)  and  increased  plasma  epinephrine.  When  tone 
predicted  footshock  it  elicited  mild  hypertension  (1-2  mmHg)  and  a  three-fold  increase  in  plasma  epinephrine.  When  mtHC 
predicted  footshock  it  also  induced  mild  hypertension,  but  additionally  elicited  a  conditioned  bradycardia  and  a  smaller 
increase  in  plasma  epinephrine.  The  overall  mean  24  hour  sleep-wake  profile  was  unaffected  immediately  after  fear 
conditioning. 

Discussion:  Our  study  demonstrates  the  efficacy  of  mtHC  as  a  conditioning  stimulus  that  is  perceptible  but  innocuous 
(relative  to  tone)  and  applicable  during  sleep.  This  novel  model  will  allow  future  studies  to  explore  sleep-dependent 
mechanisms  underlying  maladaptive  fear  responses,  as  well  as  elucidate  the  moderators  of  the  relationship  between  fear 
responses  and  sleep. 

Citation:  McDowell  AL,  Filippone  AB,  Balbir  A,  Germain  A,  O'Donnell  CP  (2013)  Mild  Transient  Hypercapnia  as  a  Novel  Fear  Conditioning  Stimulus  Allowing  Re- 
Exposure  during  Sleep.  PLoS  ONE  8(6):  e67435.  doi:10.1371/journal.pone.0067435 

Editor:  Uwe  Rudolph,  McLean  Hospital/Harvard  Medical  School,  United  States  of  America 
Received  November  16,  2012;  Accepted  May  20,  2013;  Published  June  26,  2013 

Copyright:  ©  2013  McDowell  et  al.  This  is  an  open-access  article  distributed  under  the  terms  of  the  Creative  Commons  Attribution  License,  which  permits 
unrestricted  use,  distribution,  and  reproduction  in  any  medium,  provided  the  original  author  and  source  are  credited. 

Funding:  This  work  was  supported  by  Department  of  Defense  grant  DM1 021 74.  The  views  expressed  in  this  article  are  those  of  the  authors,  and  do  not  represent 
the  official  policy  or  position  of  the  US  Department  of  Defense,  or  the  United  States  Government.  The  funders  had  no  role  in  study  design,  data  collection  and 
analysis,  decision  to  publish,  or  preparation  of  the  manuscript. 

Competing  Interests:  The  authors  have  declared  that  no  competing  interests  exist. 

*  E-mail:  odonnellcp@upmc.edu 
9  These  authors  contributed  equally  to  this  work. 


Introduction 

An  emerging  literature  suggests  that  posttraumatic  stress 
disorder  (PTSD)  and  sleep  are  intimately  linked  in  a  bi-directional 
relationship  PTSD  compromises  normal  sleep,  which  increases 
the  risk  of  and  exacerbates  the  magnitude  of  PTSD  [1-5].  Sleep 
disturbances  occurring  after  exposure  to  traumatic  events  increase 
the  risk  for  developing  PTSD  [6,7],  whereas  treatment  of  sleep 
disturbances  alleviates  those  symptoms  [8—10].  The  obvious 
ethical  concerns  associated  with  exposure  or  re-exposure  of 
participants  to  harmful  or  threatening  stimuli  limit  the  extent  that 
human  studies  can  adequately  determine  a  causal  relationship 
between  sleep  disruption  and  maladaptive  stress  responses,  making 
animal  models  important  for  investigating  the  underlying  mech¬ 
anistic  links  between  sleep  and  fear  responses.  Animal  studies  have 
utilized  fear-conditioning  (FC)  paradigms  to  gain  insight  into  a 
variety  of  outcomes  including  fear  acquisition  and  extinction  and 


their  relationship  to  sleep  [11-16]  as  well  as  to  model  components 
of  human  PTSD  [17,18]. 

Classical  FC  involves  the  temporal  pairing  of  an  initially 
innocuous  stimulus  (e.g.  auditory  tone;  CS)  with  a  biologically 
salient  stimulus  (e.g.  footshock;  unconditioned  stimulus,  US)  that 
elicits  a  reflexive  response  (unconditioned  response).  Through  a 
single  optimal  or  repeated  pairing(s)  the  CS  will  ultimately  elicit 
similar  behavioral  and  physiological  responses  as  the  UCS 
(conditioned  response).  To  date,  animal  studies  have  investigated 
the  effects  of  sleep  disruption  on  learning  of  a  FC  response  [19—21] 
or  on  the  impact  of  re-exposure  to  a  CS  during  wakefulness  on 
subsequent  sleep  patterns  [16,22,23].  However,  the  effects  of  re¬ 
exposure  during  sleep  to  an  acquired  CS  have  only  been  explored 
using  an  aural  cue  at  an  altered  and  restricted  duration  from  the 
initial  pairing  [24].  The  primary  reason  for  a  lack  of  studies 
investigating  sleep-related  fear  responses  to  specific  cues  is  that 
conditioned  stimuli  are  typically  arousing  (e.g.  tone,  light)  and  can 
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elicit  a  startle  response  [12]  which  could  awaken  the  subject  from 
sleep  (for  review  see  [25]).  To  address  the  issue  of  re-administering 
a  GS  during  sleep,  it  is  necessary  to  develop  a  model  that 
incorporates  delivery  of  a  perceptible,  yet  innocuous  and 
minimally  or  non-arousing  stimulus  within  the  framework  of  an 
automated  sleep  detection  system. 

In  previous  work  we  have  observed  that  mice  can  be  exposed  to 
hypercapnia  during  sleep  without  inducing  arousal  [26-28]. 
Therefore,  we  proposed  to  utilize  mild  (3%  inspired  C02), 
transient  (60  sec)  hypercapnia  (mtHC)  as  a  GS  that  could 
subsequently  be  used  for  re-exposure  during  sleep.  Moreover,  we 
have  previously  developed  an  algorithm  based  real-time  sleep 
scoring  system  [29]  that  was  adapted  to  automatically  trigger 
delivery  of  a  GS  of  mtHC  specifically  during  sleep.  Thus,  the 
purpose  of  our  study  was  two-fold.  In  Experiment  1 ,  we  compared 
physiological  responses  utilizing  the  novel  FC  paradigm  of  mtHC- 
footshock  with  the  commonly  used  tone-footshock  FG  paradigm 
with  the  goal  of  establishing  mtHC  as  an  acceptable  CS.  We 
hypothesized  that  repetitive  pairings  of  mtHC-footshock  would 


produce  acquisition  of  learned  physiologic  fear  responses.  In 
Experiment  2,  we  conducted  a  pilot  study  to  demonstrate  proof  of 
principle  that  mtHC  could  be  successfully  re-administered  during 
sleep  to  previously  fear  conditioned  animals. 

Methods 

Animals 

Experiments  were  conducted  in  adult  male  FVB/J  mice  at  10— 
12  weeks  old  from  Jackson  Laboratories  (Bar  Harbor,  ME). 
Animals  were  maintained  on  a  12:12  hour  light-dark  cycle  and 
given  seven  days  of  adaptation  prior  to  recording.  Animals  were 
housed  in  a  customized  pyramidal  chamber  [7"  (W)  x  9"  (H)  x  7" 
(L)]  with  continuous  access  to  food  and  water  that  was  designed  for 
delivery  of  gas  (entered  through  inlet  ports  in  the  base  and 
exhausted  through  an  open  hole  at  the  apex).  The  bottom  of  the 
chamber  was  removable  and  replaced  by  an  electric  grid  (H10- 
1 1M-TG;  Coulbourn)  to  induce  footshock.  The  chamber  was 
contained  inside  a  light-controlled  and  sound-dampening  chamber 


Experiment  1 


Experiment  2 


Day  1 :  Pre-fear  conditioning 

24  hour  sleep  study 


24  hour  sleep  study 


Day  2:  Fear  conditioning 

< -  Blood  sample  1 


9  am 


10  am 


12  pm 


2  pm 


Blood  sample  4 


Auditory  tone  (30  sec)  or  3%  C02  (60  sec) 
Footshock  (0.5  mA  for  0.5  sec) 


X  5 


4  pm 


Blood  sample  5 


3%  C02  (60  sec) 
Footshock  (0.5  mA  for  0.5  sec) 


3  pm 


Auditory  tone  (30  sec)  or  3%  C02  (60  sec) 


x  5 


Blood  sample  6 


Day  3:  Post-fear  conditioning 

24  hour  sleep  study 


Auditory  tone  (30  sec)  or  3%  C02  (60  sec) 

x5 

< -  Blood  sample  2 

12  pm 

3%  C02  (60  sec) 

Auditory  tone  (30  sec)  or  3%  C02  (60  sec) 

Footshock  (0.5  mA  for  0.5  sec) 

Footshock  (0.5  mA  for  0.5  sec) 

x5 

< -  Blood  sample  3 

Auditory  tone  (30  sec)  or  3%  C02  (60  sec) 

x  5 

2  pm 

3%  C02  (60  sec) 

Footshock  (0.5  mA  for  0.5  sec) 

Footshock  (0.5  mA  for  0.5  sec) 

x  5 


x5 


x  5 


24  hr  re-exposure  to  3%  C02  (60  sec)  or  air 
(control)  whenever  3  min  sleep  detected 


Figure  1.  Shows  the  three  day  protocols  for  each  fear-conditioning  paradigm.  In  Experiment  1  baseline  sleep  (24  hours)  data  were 
collected  prior  to  fear  conditioning.  Subsequently,  animals  were  exposed  to  either  CS  alone  (tone  or  3%  C02)  or  CS+US  exposures  for  five  repeated 
series  across  five  time  points.  CS  alone  exposures  occurred  at  9  am  and  3  pm,  while  conditioning  trials  occurred  at  10  am,  12  pm,  and  2  pm.  An 
arterial  basal  blood  sample  was  taken  before  the  first  CS  exposure  and  immediately  following  each  of  the  five  series  of  exposures.  The  right  side 
shows  the  three  day  protocol  for  Experiment  2.  Baseline  sleep  (24  hours)  data  were  collected  prior  to  fear  conditioning.  On  the  subsequent  day 
animals  were  exposed  to  paired  trials  at  12  pm,  2  pm,  and  4  pm.  One  hour  following  fear  conditioning  (5  pm),  animals  began  24  hours  of  re¬ 
exposure  to  the  CS+  (mtHC)  or  CS-  (air)  for  60  sec  whenever  three  minutes  of  consolidated  sleep  occurred. 
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[22"  (L)  x  16.5"  (H)  x  14"  (W)].  All  animals  were  housed  in  the 
same  customized  chambers  throughout  the  entire  adaptation  and 
experimental  period  to  control  for  environmental  exposure. 
Animal  handling  and  experimentation  was  conducted  ethically 
and  in  accordance  with  approved  Institutional  Animal  Care  and 
Use  Committee  (IACUC)  protocols  at  the  University  of  Pittsburgh, 
as  well  as  the  Animal  Care  and  Use  Review  Office  (ACURO)  of 
Department  of  the  Army. 

Surgical  Instrumentation 

EEG  and  EMG  instrumentation.  Animals  were  anesthe¬ 
tized  using  1  to  2%  isoflurane  for  all  surgical  procedures  and  in 
effort  to  minimize  suffering  animals  were  monitored  twice  daily 
post-operatively  and  given  pain  medicine  (0.3  mg/ml  Buprenor- 
phine)  for  three  subsequent  days.  Electroencephalographic  (EEG; 
E363/1,  Plastics  One,  Roanoke,  VA)  electrodes  and  nuchal 
electromyographic  (EMG;  E363/76,  Plastics  One)  electrodes  were 
implanted  as  previously  described  [30].  A  midline  incision  was 
made  to  expose  the  skull  and  muscles  immediately  posterior  to  the 
skull.  The  underlying  fascia  was  gently  cleared  from  the  skull 
surface,  three  small  burr  holes  were  drilled  through  the  skull  in  the 
left  frontal  and  parietal  regions  and  three  EEG  electrodes  were 


fastened  via  jewel  screws  (diameter  of  1.6  mm).  The  first  electrode 
was  placed  2-3  mm  caudal  to  bregma  and  1-2  mm  lateral  of  the 
midsagitaal  suture.  The  second  electrode  was  placed  2—3  mm 
rostral  to  bregma  and  1-2  mm  lateral  of  the  midsagitaal  suture. 
The  third  electrode  was  placed  2-3  mm  rostral  to  bregma  and  1— 
2  mm  lateral  of  the  midsagitaal  suture.  Two  nuchal  EMG 
electrodes  were  stitched  flat  onto  the  surface  of  the  muscle.  In 
animals  used  in  Experiment  2  (see  figure  1)  and  in  the  mtHG  alone 
group  an  EKG  electrode  was  implanted  subcutaneously  and 
sutured  onto  the  muscle  overlying  the  area  of  the  sixth  rib  and 
tunneled  subcutaneously  towards  the  head.  The  EEG,  EMG  and 
EKG  electrodes  were  inserted  into  a  pedestal  (MS363,  Plastics 
One)  and  secured  to  the  skull  with  dental  acrylic. 

Arterial  catheterization.  In  anesthetized  mice  a  femoral 
artery  catheter  was  chronically  implanted  as  previously  described 
[31].  The  catheter  was  inserted  in  the  left  femoral  artery,  sutured 
in  place,  stabilized  with  superglue  (Henkel  Corp,  Rocky  Hill,  GT, 
USA),  tunneled  subcutaneously  to  the  upper  back  by  threading 
through  a  blunt  needle.  The  catheter  was  taped  to  a  wire  sutured 
to  posterior  cervical  muscles  for  line  security  (792500;  A-M- 
Systems,  Sequim,  WA,  USA),  and  connected  to  a  360°  swivel 
designed  for  mice  (375/D/22QM;  Instech,  Plymouth  Meeting, 
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Figure  2.  Shows  an  electroencephalographic  (EEG),  electromyographic  (EMG),  inspired  C02,  heart  rate,  and  arterial  blood  pressure 
tracing  during  one  series  of  five  one  minute  exposures  to  C02  with  each  exposure  followed  by  five  footshock  pulses.  Shock-induced 
electrical  artifact  is  evident  in  EEG  and  EMG  tracings  (top  two  traces  marked  by  horizontal  arrow).  Heart  rate  and  blood  pressure  were  analyzed  for  the 
10  sec  prior  to  initiation  of  the  conditioning  stimulus  (Pre),  for  the  10  sec  immediately  prior  to  footshock  (End)  and  the  10  sec  immediately  after 
footshock  (Post),  and  are  marked  by  the  short  horizontal  bars  on  the  inspired  C02  tracing.  Note  the  presence  of  bradycardia  during  exposure  to  each 
episode  of  mtHC  (the  transient  artifact  in  the  heart  rate  tracing  at  time  of  foot  shock  did  not  affect  the  determination  of  End  and  Post  heart  rate  and 
blood  pressure  values). 
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Figure  3.  Shows  the  mean  ±  s.e.m  for  heart  rate  in  beats  per  minute  (bpm)  at  the  Pre,  End,  and  Post  stimulus  time  points  for  each  of 
the  five  training  series  at  9  am,  10  am,  12  pm,  2  pm,  and  3  pm  for  the  (A)  the  C02+  footshock  group,  (B)  C02  alone  group,  (C)  the 
tone+footshock  group,  and  (D)  the  tone  alone  group. 

doi:1 0.1 371 /journal. pone.0067435.g003 


PA,  USA)  that  worked  in  combination  with  the  mercury  swivel 
used  to  record  polysomnography.  Patency  of  the  catheters  was 
maintained  by  continuously  flushing  7  jll  hr-1  saline  containing 
20  U  ml  1  heparin  (Baxter,  Deerfield,  IL,  USA)  using  a  multi¬ 
syringe  pump  adaptor  (R99-EM;  Razel  Scientific  Instruments,  St. 
Albans,  VT,  USA).  Arterial  blood  pressure  measurements  were 
collected  with  pressure  transducers  (Gobe  Inc.;  Lakewood,  CO) 
zeroed  at  mid- thoracic  level.  Calibrations  were  checked  at  the 
beginning  and  end  of  each  experiment. 

Animals  were  given  five  days  of  recovery  before  being  tethered 
to  the  electrical  and  fluid  swivels  where  they  were  given  two 
additional  days  to  adapt  before  baseline  recordings  were  initiated. 
At  time  of  tethering  a  connector  cable  from  the  animal  was  fixed 
above  to  a  low  friction  mercury  swivel  allowing  360  degree 
unrestricted  movement  of  the  tethered  mouse. 

Stimuli  Presentation  and  Data  Acquisition 

For  tone  production,  a  Tone/Noise  Generator  (model  A69-20) 
from  Coulbourn  Instruments  (Whitehall,  PA)  was  used  to  deliver  a 
2400  Hz,  80  dB  tone.  A  Radio  Shack  Digital  Sound  Level  meter 
was  used  to  regulate  the  distance  from  the  tone  generator  to  the 
animal  to  achieve  the  required  2400  Hz  and  80  dB  stimulus.  The 
mtHC  stimulus  of  one  minute  of  3%  CO2  was  delivered  through  a 
compressed  C02  tank  connected  via  tubing  to  three  inlet  ports  on 
the  base  of  the  chamber.  Gas  levels  were  monitored  via  a  C02 
analyzer  (model  17625,  Vacumed)  also  connected  via  inlets  to  the 


housing  chamber.  Electric  footshock  was  produced  with  a 
Precision  Regulated  Animal  Shocker  with  an  electric  floor  shock 
grid  (model  HI 3- 15)  from  Goulbourn  Instruments  (Whitehall,  PA). 

A  Grass  Instruments  amplifier  (Quincy,  MA)  was  used  to  collect 
EEG  activity  (filtered  0.1-30  Hz),  EMG  activity  (filtered  10— 
100  Hz),  EKG  and  pulsatile  arterial  pressure.  Signals  from  the 
Grass  recorder  were  collected  using  Windaq  Pro  acquisition 
software  (Dataq  Instruments;  Akron,  OH),  were  digitized  at 
300  Hz  (DI-720  data  acquisition  board;  Dataq  Instruments; 
Akron,  OH)  and  stored  on  optical  disk. 

Procedure 

Experiment  1.  On  Day  1  a  24-hour  baseline  assessment  of 
sleep  was  conducted  and  on  Day  2  the  animals  underwent  the  fear 
conditioning  protocol  (Figure  1).  Immediately  following  cessation 
of  the  protocol  another  24-hour  sleep  assessment  was  conducted 
(Day  3).  The  fear-conditioning  protocol  involved  five  series  of 
either  paired  (GS-US)  or  unpaired  (CS  alone)  exposures  at:  9  am 
(GS  only),  10  am,  12  pm,  2  pm  (CS-US),  and  3  pm  (CS  only; 
Figure  1  and  see  sample  tracing  in  Figure  2).  Within  each  series, 
exposures  were  presented  in  3  min.  intervals.  Four  groups  of 
animals  were  studied  using  two  types  of  CS  (tone  or  mtHC)  in 
either  the  presence  (T+FS,  n=  18;  mtHC+FS,  n=  17)  or  absence 
(T,  n=  17;  mtHC,  n  =  10)  of  the  US  (footshock).  One  30  second 
tone  or  one  60  second  mtHC  presentation  predicted  the  onset  of 
five  footshock  pulses  (0.5  mA  for  0.5  sec),  which  coincided  with 
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Figure  4.  Shows  the  mean  ±  s.e.m  change  in  heart  rate  in  response  to  the  CS  (end-stimulus  -  pre-stimulus  heart  rate;  crosshatched 
bars)  and  the  US  (post-stimulus  -  end-stimulus  heart  rate;  dark  bars).  Statistical  differences  in  heart  rate  across  time  for  either  the  CS  or  US 
were  determined  by  one-way  ANOVA  with  repeated  measures  using  a  Dunnett's  post-hoc  comparison  to  the  initial  exposure  period  at  9  am  (left 
crosshatched  and  gray  bar  in  each  of  the  four  panels.  (A)  A  significant  bradycardia  effect  of  the  CS  that  increased  in  magnitude  across  exposure  sets 
and  was  maintained  on  the  last  C02  exposure  in  the  absence  of  footshock.  There  was  also  a  significant  US  tachycardia  effect  during  the  three  CS-US 
paired  trials.  (B)  An  initially  small  but  significant  CS  bradycardia  effect  that  habituated  across  exposure  sets  for  animals  exposed  to  C02  without 
footshock.  (C)  No  effect  of  the  CS,  but  a  significant  US  tachycardia  during  the  three  CS-US  paired  trials  in  animals  exposed  to  tone  with  footshock.  D) 
Negligible  CS  effects  for  tone  alone  exposures.  *p<0.05. 
doi:1 0.1 371 /journal. pone.0067435.g004 


the  offset  of  the  CS.  In  total,  there  were  five  CS  exposures  for  each 
time  series  listed  above  and  each  exposure  was  separated  by  three 
minute  intervals.  Each  series  (time  point)  consisted  of  five  stimulus- 
footshock  exposures  for  a  total  of  15  paired  exposures  and  10 
unpaired  exposures  for  the  paired  groups  and  25  unpaired 
exposures  for  the  CS  only  groups. 

Also,  six  40  ul  blood  samples  were  taken  during  the  course  of 
the  fear-conditioning  day  for  each  animal  in  Experiment  1 
(Figure  1).  The  first  blood  sample  (basal)  was  taken  at  8:30  am 
prior  to  beginning  the  fear-conditioning  paradigm.  The  other 
blood  samples  were  taken  immediately  (<2  min)  after  the 
completion  of  each  of  the  five  series  of  exposures  at  9  am, 
10  am,  12  pm,  2  pm,  and  3  pm.  At  the  time  of  collection,  blood 
samples  were  centrifuged  and  plasma  samples  were  stored  and 
frozen  at  —  80°C  for  subsequent  analyses.  The  separated  red  blood 
cells  were  mixed  with  20  ul  of  100U  heparin  solution  until 
homogenous  and  re-infused  back  into  the  mouse  to  maintain 
circulating  blood  volume.  Plasma  epinephrine  was  measured  using 
an  ELISA  assay  kit  (Rocky  Mountain  Diagnostics,  Inc.,  Colorado 
Springs,  CO). 


Experiment  2.  A  separate  group  of  animals  (n  =  6)  were 
instrumented  with  EEG,  EMG,  and  EKG  electrodes  and  exposed 
to  mtHC  and  footshock  at  1 2  pm,  2  pm,  and  4  pm  in  an  identical 
manner  to  the  CS-US  pairing  described  above  (note:  there  was  no 
exposure  to  the  CS  alone;  see  Figure  1).  Pre-  and  post-fear 
conditioning  sleep  data  were  collected  for  24  hours  and  animals 
were  re-exposed  to  either  60  sec  of  mtHC  (n  =  3)  or  air  (n  =  3) 
whenever  three  minutes  of  continuous  sleep  was  recorded  in  the 
24  hour  post-fear  conditioning  period. 

A  computer-controlled  automated  sleep/wake  detection  system 
was  implemented  to  control  the  delivery  of  mtHC  to  animals 
during  sleep  as  previously  described  [29]  and  detailed  below. 
Baseline  data  was  collected  and  analyzed  prior  to  stimulus  re¬ 
exposure  to  determine  the  optimal  threshold  settings  for  each 
animal  for  detection  of  wake,  NREM,  and  REM  sleep.  Once  the 
thresholds  were  determined  they  were  held  constant  throughout 
the  24  hour  period  of  re-exposure  to  mtHC.  A  constant  flow  of 
room  air  at  5  1/min  was  delivered  continuously  through  the  base 
of  the  pyramidal  chamber.  Whenever  three  minutes  of  contiguous 
sleep  (either  NREM  or  REM  sleep)  was  detected,  the  computer 
turned  the  gas  state  from  off  to  on  to  deliver  mtHC  at  5  1/ min  for 
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Figure  5.  Shows  the  mean  ±  s.e.m  for  mean  arterial  pressure  at  the  Pre-,  End-,  and  Post-stimulus  time  points  for  each  of  the  five 
training  series  at  9  am,  10  am,  12  pm,  2  pm,  and  3  pm  for  the  (A)  the  C02+  footshock  group,  (B)  C02  alone  group,  (C)  the 
tone+footshock  group,  and  (D)  the  tone  alone  group. 

doi:1 0.1 371 /journal. pone.0067435.g005 


60  sec.  After  60  sec  of  exposure  room  air  was  again  delivered  to 
the  chamber  until  the  next  period  of  3  contiguous  minutes  of  sleep 
was  detected.  An  additional  three  animals  that  were  similarly 
trained  with  three  series  of  exposures  to  mtHC  and  footshock  were 
re-exposed  to  a  60  sec  period  of  room  air  at  5  1/ min  as  a  control 
for  animals  exposed  to  mtHC  during  sleep  to  account  for  any  non¬ 
specific  effects  of  gas  flow  changes. 

Analyses 

Heart  rate  and  blood  pressure.  Mean  arterial  blood 
pressure  was  derived  from  the  pulsatile  arterial  blood  pressure 
tracing  and  heart  rate  derived  from  either  the  blood  pressure 
tracing  (Experiment  1)  or  the  interbeat  interval  from  the  EKG 
tracing  (Experiment  2  and  from  some  animals  in  Experiment  1 
with  insufficient  pulse  pressure  to  accurately  derive  heart  rate). 
Mean  arterial  pressure  and  heart  rate  were  measured  at  three  time 
intervals  for  each  individual  exposure  of  the  CS  or  paired  CS-US. 
The  heart  rate  and  arterial  pressure  were  averaged  at  three  time 
points  within  each  exposure:  (1)  Pre-stimulus  (10  sec  immediately 
prior  to  onset  of  the  CS)  (2)  End-stimulus  (10  sec  at  the  end  of  the 
CS)  and  (3)  Post-stimulus  (10  sec  directly  after  the  termination  of 
footshock  exposure;  see  marked  horizontal  bars  on  CO2  tracing  in 
Figure  2).  In  each  animal  the  pre-,  end-,  and  post-stimulus  heart 
rates  and  blood  pressures  were  averaged  for  each  series  of  9  am, 
10  am,  12  pm,  2  pm,  and  3  pm  for  Experiment  1.  For  Experi¬ 


ment  2,  heart  rate  was  averaged  similarly  at  12  pm,  2  pm,  and 
4  pm. 

Sleep  scoring.  Sleep  data  were  analyzed  using  a  customized 
program  that  converted  DATAQ,  digitized  data  files  into  Stanford 
Sleep  Structure  Scoring  System  (SSSSS)  format  for  characteriza¬ 
tion  of  signals  using  the  rodent  software  developed  by  Joel  H. 
Benington  [32]  and  subsequently  validated  in  mice  by  Veasey  and 
colleagues  [33].  The  program  utilizes  Fourier  spectral  analysis  of 
the  EEG  in  the  delta  (0. 5-4.0  Hz),  sigma  (10.0-14.0  Hz),  and 
theta  (6. 0-9.0  Hz)  frequency  bands  in  combination  with  the 
moving  average  of  the  EMG  amplitude  to  determine  sleep  in 
10  sec  epochs.  Twenty-four  hour  periods  of  data  were  plotted  as 
sigma*theta  power  against  EMG,  and  thresholds  for  the  slope  and 
intercept  of  the  relationship  were  used  to  distinguish  between  sleep 
and  wake.  A  second  plot  of  the  delta/ theta  power  against  EMG 
was  used  to  distinguish  non-rapid-eye  movement  (NREM)  sleep 
from  rapid  eye  movement  (REM)  sleep  on  the  basis  of  a  delta/ 
theta  threshold. 

Statistics.  All  results  are  presented  as  means  ±  standard 
error  of  the  mean  (SEM).  Statistical  differences  over  time  within  an 
experimental  group  were  determined  by  one-way  ANOVA  with 
repeated  measures  and  statistical  differences  between  groups  were 
determined  by  two-way  ANOVA.  When  the  ANOVA  was 
significant,  statistical  differences  between  means  were  determined 
by  Dunnett’s  post-hoc  analyses  to  determine  changes  across  time 
compared  to  baseline  within  an  experimental  group  or  by  Tukey’s 
post-hoc  analyses  to  determine  differences  between  experimental 
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Figure  6.  Shows  the  mean  ±  s.e.m  change  in  mean  arterial  pressure  in  response  to  the  CS  (end-stimulus  minus  pre-stimulus  mean 
arterial  pressure;  crosshatched  bars)  and  the  US  (post-stimulus  minus  end-stimulus  mean  arterial  pressure;  dark  bars).  Statistical 
differences  in  mean  arterial  pressure  across  time  for  either  the  CS  or  US  were  determined  by  one-way  ANOVA  with  repeated  measures  using  a 
Dunnett's  post-hoc  comparison  to  the  initial  exposure  period  at  9  am  (left  hand  crosshatched  and  gray  bar  in  each  of  the  four  panels.  (A)  The  initial 
mtFIC  alone  series  produced  a  small  but  significant  hypertensive  response  as  did  exposure  to  the  three  US  periods  of  footshock.  (B)  A  small  but 
significant  CS  hypertensive  response  across  all  exposure  sets  for  animals  exposed  to  C02  without  footshock.  (C)  Arterial  blood  pressure  responses  to 
the  tone  paired  with  footshock  produced  a  small,  but  significant  increase  in  mean  arterial  blood  pressure  in  two  of  the  first  three  paired  exposures. 
(D)  Responses  to  tone  alone  were  small,  inconsistent  and  had  no  effect  on  mean  arterial  blood  pressure.  *p<0.05. 
doi:1 0.1 371 /journal. pone.0067435.g006 


groups.  Heart  rate  and  blood  pressure  differences  between  pre¬ 
stimulus  to  end-stimulus  and  end-stimulus  to  post-stimulus  were 
tested  for  statistical  significance  using  a  two-tailed,  paired  Student 
t-test.  Due  to  insufficient  power,  statistical  tests  were  not 
performed  for  the  proof  of  principle  pilot  study  (Experiment  2) 
comparing  the  mtHC  and  air  (control)  groups  containing  three 
animals  each. 

Results 

Experiment  1 

Heart  rate.  Absolute  mean  heart  rates  during  the  five 
exposure  periods  of  fear  conditioning  for  all  four  groups  of 
animals  were  within  the  normal  response  range  for  conscious, 
chronically  instrumented  mice  (Figure  3).  Figure  4  shows  the 
changes  in  HR  during  the  presentation  of  the  CS,  as  well  as  the 
changes  occurring  post  US  for  all  four  groups.  There  was  an 
overall  significant  effect  of  group  during  CS  presentation 
(F  =  25.36,  p<0.01)  and  US  presentation  (F  =  18.75,  p<0.001). 


When  mtHC  was  paired  with  footshock  it  induced  a  marked 
bradycardia  that  increased  in  magnitude  across  series  demon¬ 
strating  a  learned  response  sensitization  (Figure  4A,  three  middle 
crosshatched  bars),  with  a  mean  value  of  —  31±4bpm  and  a 
maximum  value  above  40  bpm  (see  also  heart  rate  tracing  in 
Figure  2  as  an  example  of  a  large  bradycardic  response).  Footshock 
induced  a  tachycardic  response  with  a  mean  response  of 
44±7  bpm  (Figure  4A,  three  middle  black  bars).  Notably,  the 
magnitude  of  the  bradycardia  was  sustained  (>40  bpm)  in  the 
final  CS  series  of  exposures  in  the  absence  of  footshock  (Figure  4A, 
far  right  crosshatched  bar),  whereas  the  tachycardia  response  was 
not  (Figure  4A,  far  right  black  bar). 

A  different  heart  rate  response  pattern  was  observed  when 
mtHC  was  presented  alone.  The  initial  mtHC  exposure  in  the 
unpaired  (Figure  4B)  group  was  similar  to  the  paired  group’s  initial 
mtHC  alone  series  with  a  response  pattern  of  mild  bradycardia  to 
CO2  and  no  tachycardia  in  the  absence  of  footshock.  For  the 
unpaired  group  there  was  a  relatively  small  and  inconsistent  mean 
bradycardic  response  of  — 13 ±4  bpm  (Figure  4B,  three  middle 
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Figure  7.  Shows  the  mean  ±  s.e.m  plasma  epinephrine  under  basal  conditions  and  after  each  series  of  exposures  to  the  CS  or  the 
paired  CS-US  at  9  am,  10  am,  12  noon,  2  pm,  and  3  pm.  Differences  in  plasma  epinephrine  across  time  were  determined  by  repeated 
measures  one-way  ANOVA  with  Dunnett's  post-hoc  comparisons  relative  to  the  9  am  presentation  of  the  conditioned  stimulus  alone. 
doi:1 0.1 371 /journal. pone.0067435.g007 


crosshatched  bars)  that  did  not  show  a  learned  response 
sensitization  and  was  found  to  be  significantly  different  from  the 
paired  mtHC  group  in  the  post  hoc  analysis  (p<0.01).  As  expected 
there  was  no  tachycardia  generated  in  the  absence  of  footshock 
which  contrasted  with  the  significant  tachycardia  exhibited  in  the 
paired  mtHC  group  (p<0.01)  (Figure  4B  vs.  4A,  black  bars).  Thus, 
the  bradycardia  occurring  during  paired  mtHC  and  footshock 
represents  a  learned  physiological  response  to  a  novel  conditioned 
stimulus,  which  did  not  extinguish  during  the  fifth  exposure  series 
of  mtHC  alone. 

In  contrast  to  what  was  seen  with  mtHC,  when  tone  was  paired 
with  footshock  there  was  no  learned  heart  rate  response  to  tone 
alone  (p>0.05)  and  a  negligible  mean  change  (—  1  ±  1  bpm); 
however,  there  was  the  expected  tachycardic  response  to  footshock 
of  31  ±3  bpm  (Figure  4C).  For  the  tone  alone  group  there  were 
also  negligible  changes  in  mean  heart  rate  across  the  repeated 
exposures  of  —  4±1  bpm  and  no  tachycardic  response  in  the 
absence  of  footshock  (Figure  4D). 

Mean  arterial  blood  pressure.  Absolute  mean  arterial 
blood  pressures  were  also  in  the  normal  range  for  conscious, 
chronically  instrumented  mice  during  the  five  exposure  periods  for 
all  four  groups  of  animals  (Figure.  5).  Exposure  to  mtHC  alone 
caused  a  small  increase  in  blood  pressure  that  was  consistent  across 
all  exposures  and  was  independent  of  whether  it  was  paired  with 
footshock  (mean  response  of  3.0 ±0.3  mmHg)  or  unpaired  (mean 


response  of  3.0 ±0.4  mmHg;  p>0.05;  Figure  6A  and  6B, 
crosshatched  bars). 

The  effect  of  tone  on  blood  pressure  was  small  and  relatively 
inconsistent  (Figure  6C  and  6D,  crosshatched  bars)  and  unrelated 
to  whether  it  was  paired  (mean  response  of  0.8  ±0.2  mmHg)  or 
unpaired  (mean  response  0.4±0.2  mmHg)  with  footshock 
(p>0.05;  Figure  6C  and  6D).  A  small  increase  in  blood  pressure 
occurred  across  the  three  paired  CS-US  periods  and  was  not 
different  between  the  mtHC  and  tone  stimuli  (Figure  6A  and  6C). 
However,  comparing  all  series  between  groups,  the  small  but 
consistent  hypertensive  response  to  mtHC  seen  in  the  presence  or 
absence  of  footshock  was  statistically  greater  than  for  either  of  the 
two  groups  exposed  to  tone  as  a  CS  (F  =  21.69,  p<0.001). 

Considering  the  blood  pressure  and  heart  rate  data  together  we 
show  that  tone  alone  has  no  effect  on  heart  rate  or  blood  pressure 
across  repeated  exposures,  whereas  mtHC  induces  a  mild 
hypertensive  response  and  is  associated  with  a  small  bradycardia. 
The  effect  of  footshock  induced  an  acute  tachycardic  and  mild 
hypertensive  response.  Only  when  mtHC  predicted  footshock  did 
a  learned  FC  response  develop  consisting  of  an  increasing 
bradycardic  response  across  exposures  that  occurred  in  the 
presence  of  a  consistent,  but  mild,  hypertensive  response  which 
did  not  change  across  series. 

Catecholamines.  There  was  a  small,  but  statistically  signif¬ 
icant  increase  in  plasma  epinephrine  during  the  last  two 
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Figure  8.  Shows  the  percent  of  time  spent  in  wakefulness,  NREM  sleep,  and  REM  sleep  in  the  24  hour  period  immediately  post-fear¬ 
conditioning  was  compared  to  the  same  24  hour  period  on  the  day  prior  to  fear-conditioning  for  each  group.  Differences  in  time  spent 
in  each  sleep  state  between  pre-  and  post-fear  conditioning  were  assessed  by  paired  Student's  t-test.  There  were  no  significant  differences  in  any  of 
the  four  groups  before  fear  conditioning  compared  to  after  fear  conditioning  for  any  sleep/wake  state. 
doi:1 0.1 371 /journal. pone.0067435.g008 


presentations  of  the  paired  CS-US  for  the  mtHC+FS  exposure 
(Figure  7 A,  two  right  black  bars).  There  was  a  return  of  plasma 
epinephrine  to  baseline  levels  for  the  re-exposure  to  mtHG  alone 
series  at  3  pm  (Figure  7A,  far  right  dark  gray  bar).  We  did  not  see 
the  same  response  pattern  for  the  mtHG  alone  (control)  group, 
with  plasma  epinephrine  remaining  at  basal  levels  across  all  six 
samples  taken  (Figure  7B).  The  T+FS  group  exhibited  a  three  to 
four-fold  increase  in  plasma  epinephrine  and  similar  to  the  paired 
mtHC  group  plasma  epinephrine  returned  to  baseline  levels  after 
the  final  series  of  the  tone  alone  (Figure  7G,  right  dark  gray  bar). 
Consistent  with  the  mtHG  alone  group,  there  was  no  change  in 
the  response  pattern  across  all  six  series  for  the  tone  alone  group 
(Figure  7D).  When  comparing  between  groups,  there  was  an 
overall  significant  effect  of  group  (F  =  41.74,  p<0.001)  and  post 
hoc  tests  revealed  that  plasma  epinephrine  in  response  to  the  three 
pairings  of  GS-US  was  significantly  higher  in  the  tone+FS  group 
than  the  mtHC+FS  group  (p<0.01),  and  both  were  significantly 
higher  than  their  non-shocked  counterparts  (p<0.05). 

Sleep.  The  percent  of  time  spent  in  wakefulness,  NREM 
sleep,  and  REM  sleep  during  the  day  prior  to  FC  and  the  day  after 
FC  is  shown  in  Figure  8.  There  were  no  differences  in  total  time 
spent  in  any  of  the  three  sleep/wake  states  within  or  between 
groups  on  either  the  pre-FC  day  or  the  post-FC  day. 


Experiment  2 

Heart  rate.  We  assessed  change  in  heart  rate  in  response  to 
the  three  exposures  of  paired  GS-US  in  the  six  mice  that 
underwent  FC  in  Experiment  2  (Figure  9A).  We  reproduced  a 
similar  pattern  of  marked  bradycardia  in  response  to  mtHC 
preceding  footshock  as  seen  in  Experiment  1  (three  middle 
crosshatched  bars  in  Figure  4A).  However,  the  degree  of 
bradycardia  we  saw  in  Experiment  2  (without  prior  exposure  to 
mtHC  alone)  reached  a  magnitude  of  — 118±34  bpm  during  the 
third  exposure  period  (Figure  9A,  far  right  crosshatched  bar).  In 
contrast,  in  Experiment  1  when  animals  experienced  prior 
exposure  to  mtHC  alone  before  the  repeat  CS-US  pairings  the 
comparable  bradycardia  was  only  —41  ±9  bpm  (Figure  4B, 
second  crosshatched  bar  from  right). 

Re-exposure  to  mtHC  during  sleep.  Sample  tracings  in 
Figure  9B  show  two  separate  one-minute  periods  of  mtHC 
exposure  triggered  automatically  after  three  minutes  of  continuous 
sleep  in  one  mouse.  In  the  first  sample  trace  mtHC  had  no  impact 
on  sleep  state  whereas  the  second  period  of  mtHC  induced  an 
awakening.  We  show  the  mean  number  of  events,  percent  time  in 
NREM  sleep  and  percent  time  in  REM  sleep  across  the  24  hr  re¬ 
exposure  period  in  Figure  9C,  9E  and  9F. 
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Figure  9.  Shows  a  proof  of  principle  pilot  study  demonstrating  the  utility  and  impact  of  re-exposure  to  a  CS  of  3%  C02  for  60  sec 
whenever  three  minutes  of  consolidated  sleep  occurred.  (A)  Demonstration  of  the  learned  bradycardic  response  to  the  CS  of  3%  C02  (similar 
to  that  shown  in  Figure  4B)  that  increased  in  magnitude  across  exposures;  also,  the  US  of  footshock  produced  the  expected  tachycardic  response.  (B) 
Two  sample  tracings  from  a  mouse  showing  a  60  sec  exposure  to  3%  C02  during  sleep  with  one  event  having  no  impact  on  sleep  (left)  and  the  other 
causing  a  distinct  awakening  (right).  (C)  The  number  of  gas  exposure  events  was  averaged  in  two  hour  bins  across  the  24  hour  re-exposure  period  for 
animals  that  were  re-exposed  to  the  CS+  (3%  C02)  compared  to  those  re-exposed  to  the  CS-  (air).  (D)  The  total  number  of  awakenings  across  the  24 
hour  period  after  fear  conditioning  for  animals  re-exposed  to  the  CS+  and  to  the  CS-.  (E)  Time  in  REM  sleep  was  averaged  in  two  hour  bins  across  the 
24  hour  re-exposure  period  for  animals  that  were  re-exposed  to  the  CS+  and  to  the  CS-.  (F)  Time  in  NREM  sleep  was  averaged  in  two  hour  bins 
across  the  24  hour  re-exposure  period  for  animals  that  were  re-exposed  to  the  CS+  and  to  the  CS-. 
doi:1 0.1 371/journal. pone.0067435.g009 


Discussion 

The  primary  purpose  of  the  current  study  was  to  develop  and 
test  a  novel  conditioning  stimulus  for  the  purpose  of  re-exposing 
the  animals  during  sleep  as  a  proof  of  concept  to  study  fear 
conditioned  processes  during  sleep.  We  determined  that  mtHC 
produced  a  robust,  reproducible  learned  bradycardia  response 
when  paired  with  footshock  that  was  not  seen  with  mtHC  alone  or 
tone+footshock.  Assessment  of  systemic  stress  through  measure¬ 


ment  of  circulating  epinephrine  demonstrated  an  absence  of 
response  to  mtHC  alone  and  when  mtHC  was  paired  with 
footshock  the  increase  in  epinephrine  was  less  than  seen  with  the 
traditional  pairing  of  tone+footshock.  We  subsequently  demon¬ 
strate  in  a  proof  of  principle  study  that  mtHC  can  be  reapplied 
during  sleep  in  FC  animals  allowing  a  new  experimental  paradigm 
for  future  studies  to  examine  unique  relationships  between 
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learning,  memory,  and  sleep  with  potential  application  to  the  field 
ofPTSD. 

Our  primary  goal  was  to  establish  mtHC  as  an  acceptable  CS 
and  in  doing  so  we  compared  the  physiological  responses  of  our 
model  with  the  responses  to  the  more  traditional  FC  stimulus  of 
tone.  Experiment  1  involved  repeated  GS-US  exposures  and 
included  exposure  to  the  CS  alone  both  before  and  after  the  three 
periods  of  CS-US  pairings.  We  performed  the  repeated  exposures 
of  CS  and  CS-US  to  verify  that  any  cardiovascular  changes  we 
observed  were  physiologically  meaningful  and  reproducible. 
Exposure  to  the  CS  alone  before  and  after  the  three  periods  of 
paired  CS-US  was  designed  to  allow  each  animal  to  act  as  its  own 
control  and  determine  whether  specific  cardiovascular  response 
patterns  were  acquired.  We  chose  to  study  the  FVB/J  strain 
because  our  previous  work  characterized  this  strain  as  exhibiting 
‘hyperadrenergic’  cardiovascular  responsiveness  [34,35].  We  were, 
therefore,  surprised  to  observe  that  the  unconditioned  footshock 
stimulus  produced  relatively  small  increases  in  blood  pressure  (1— 

2  mmHg)  associated  with  an  acute  tachycardia  of  only  30- 
40  bpm.  These  relatively  minor  and  transient  cardiovascular 
changes  and  the  lack  of  sustained  plasma  epinephrine  levels  in  the 
final  exposure  series  suggest  that  the  tachycardic  responses  to 
footshock  exposures  resulted  in  only  an  acute  disruption  of 
physiologic  homeostasis.  Even  though  we  observed  a  robust 
learned  bradycardia  in  response  to  our  FC  paradigm,  we  did  not 
see  any  changes  in  sleep  architecture  in  the  subsequent  24  hour 
period.  Others  have  reported  that  FC  with  a  tone-footshock 
paradigm  can  alter  sleep  architecture  [24,36,37],  suggesting  that 
our  specific  FC  paradigm  (animals  underwent  a  single  day  of 
training  and  were  exposed  to  the  CS  alone  at  the  end  of  the 
training  session  to  establish  that  the  bradycardic  response  persisted 
in  the  absence  of  pairing  with  footshock)  or  strain  choice  (FVB/J) 
may  have  mitigated  perturbations  in  sleep.  Nevertheless,  the 
marked  bradycardic  responses  we  report  demonstrate  that  mtHC 
is  a  viable  CS  with  the  potential  for  re-exposure  during  sleep. 

We  chose  3.0%  CO2  as  a  novel  conditioning  stimulus  because 
we  know  that  it  is  sensed  by  chemoreceptors  during  sleep,  but  is 
sufficiently  mild  to  elicit  minimal  cardiorespiratory  effects  [26]. 
Our  data  show  that  60  sec  exposure  to  3.0%  C02j  in  the  absence 
of  footshock,  produces  a  2-3  mmHg  increase  in  mean  arterial 
pressure  associated  with  an  initial  bradycardia  of  ~20  bpm,  which 
habituated  across  series  (see  Figure  4B).  When  mtHC  predicted 
footshock  there  was  an  acquired  bradycardia  response  that 
increased  in  magnitude  with  successive  series  of  FC  and  was 
maintained  in  the  final  series  with  representation  of  the  CS  alone 
even  though  the  tachycardic  US  response  was  not.  This  response 
pattern  was  not  seen  in  the  mtHC  alone  group,  which 
demonstrates  that  the  effect  cannot  be  solely  due  to  mtHC  alone 
nor  can  it  be  due  to  footshock.  Therefore,  we  suggest  that  mtHC  is 
an  effective  CS  that  can  induce  associative  conditioning,  while 
possessing  appropriate  physical  properties  for  redelivery  during 
sleep. 

There  was  also  a  small,  but  significant  increase  in  plasma 
epinephrine  for  the  paired  mtHC  group  and  a  large  increase  for 
the  paired  tone  group.  Both  groups  returned  to  baseline  in 
response  to  the  final  presentation  of  the  CS  alone  suggesting  that 
the  catecholamine  effects  seen  were  primarily  due  to  the  acute 
responsiveness  to  footshock,  but  given  the  difference  in  magnitude 
this  suggests  that  the  strength  of  the  CS-US  pairing  also  plays  a 
role  in  the  acute  epinephrine  response.  Overall,  our  basal  plasma 
epinephrine  levels  were  approximately  three  times  lower  than 
previously  reported  in  anesthetized  mice  [38],  which  is  consistent 
with  our  ability  to  sample  blood  from  unhandled  and  unstressed 
animals.  Thus,  mtHC  when  paired  with  footshock  elicits  a  reduced 
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systemic  stress  response  relative  to  tone  paired  with  footshock, 
providing  further  support  that  it  is  a  CS  with  the  potential  for  re¬ 
exposure  during  sleep. 

In  Experiment  2,  where  mtHC  was  not  presented  alone  before 
the  CS-US  pairings,  the  magnitude  of  the  bradycardic  response 
was  approximately  three  times  greater  than  in  Experiment  1 
where  mtHC  was  presented  alone  before  the  GS-US  pairings. 
Therefore,  prior  exposure  to  the  mtHC  partially  inhibited  the 
subsequent  learned  bradycardic  response  to  the  paired  CS-US 
exposures,  which  suggests  a  latent  inhibition  effect  [39].  We 
acknowledge  that  alternative  experimental  designs  involving  a 
smaller  number  of  CS-US  exposures  may  be  more  appropriate  in 
studies  involved  in  dissecting  specific  aspects  of  learning  and 
memory,  particularly  those  utilizing  tone  as  a  conditioned 
stimulus.  However,  for  our  purposes  multiple  pairings  were 
appropriate  for  this  study  to  examine  the  within  subject 
physiological  responsiveness  across  exposure  periods  to  assess 
individual  pre-  and  post-stressor  effects. 

Hyerpcapnia  stimulates  central  and  peripheral  chemoreceptor 
pathways  and  activates  multiple  brainstem  neuronal  centers  [40- 
43].  Neural  connections  between  the  brainstem  and  amygdala, 
which  is  an  area  that  is  necessary  and  sufficient  to  produce  cue- 
specific  learning  and  memory  of  fear  responses  [12,14,44],  likely 
contribute  to  the  CS-induced  bradycardia  we  report  with  mtHC. 
Additionally,  mtHC  may  also  directly  activate  pH  sensitive  acid 
sensing  ion  channel- la  (ASIC la)  that  detects  C02  within  the 
amygdala  [45] .  It  is  important  to  note,  however,  that  in  this  study 
by  Ziemann  and  colleagues  [45]  they  found  evidence  of  FC  only  at 
extremely  high  levels  of  10%  C02,  whereas  our  observation  of 
learned  bradycardia  was  evident  with  transient  (60  sec)  and  very 
mild  (3.0%)  C02.  The  mechanism(s)  of  our  learned  bradycardia 
are  not  clearly  understood  at  this  point,  but  it  is  possible  that 
repeated  pairings  may  activate  ASIC  channels  within  the 
basolateral  amygdala  and  through  alteration  of  the  membrane 
potential  [46,47]  increase  the  likelihood  of  coincidence  detection 
to  account  for  the  conditioned  bradycardia  effect.  Thus,  mtHC 
constitutes  a  unique  CS  that  may  directly  (ASIC  channels)  and 
indirectly  (projections  from  the  brainstem)  activate  the  amygdala 
to  induce  a  learned  bradycardic  response  when  paired  with 
footshock. 

The  other  primary  goal  of  our  study  was  to  develop  a  CS  for  re¬ 
exposure  during  sleep.  We  piloted  the  principle  of  mtHC  exposure 
during  sleep  and  compared  outcomes  with  an  air  control  stimulus 
to  account  for  any  non-specific  effects  of  gas  flow  changes. 
Although  our  number  of  subjects  limited  our  ability  to  test  for 
statistical  differences,  it  will  be  interesting  in  future  studies  to 
determine  if  re-exposure  to  mtHC  can  increase  the  total  number 
of  awakenings  and  potentially  lead  to  deficits  in  REM  sleep.  The 
application  of  mtHC  re-exposure  during  sleep  may  be  used  to 
explore  the  impact  of  genetic  strain,  specific  candidate  genes, 
neurodevelopment  and  other  important  clinical  correlates  on  the 
relationship  between  CS  and  sleep.  The  sleep  re-exposure  model 
may  also  be  applied  to  other  aspects  of  learning  and  memory.  For 
example,  does  re-exposure  to  a  previously  fear  conditioned  CS 
during  sleep  impact  learning  a  novel  task  associated  with  the  CS 
during  acquisition  or  consolidation  (e.g.,  increased  discrimination 
learning)?  Alternatively,  could  CS  re-exposure  during  sleep  or 
wakefulness  be  used  as  a  tool  to  hasten  extinction  of  a  traumatic 
CS-US  pairing  as  could  occur  in  military  environments  in  patients 
with  PTSD?  For  example,  re-exposure  to  the  CS  may  impact 
extinction  renewal  processes  and  reconsolidation.  To  our  knowl¬ 
edge  mtHC  has  not  been  used  as  a  CS  in  human  studies. 
However,  much  higher  levels  of  acute  exposure  to  C02  (e.g.,  35%) 
have  been  used  to  induce  panic  attacks  in  humans  [48]  (note:  the 
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much  lower  level  of  3%  C02  that  we  have  used  in  mice  did  not 
elicit  panic  based  on  direct  observation,  as  well  as  heart  rate  and 
blood  pressure  responses).  Potentially,  3%  C02  could  be  used  as  a 
CS  in  human  sleep  studies  since  the  increase  in  arterial  pC02  [49] 
is  below  the  arousal  threshold  [50].  Probing  sleep-specific  events 
during  re-exposure  to  the  GS  may  address  disrupted  sleep  patterns 
that  are  known  clinical  correlates  in  veterans  with  PTSD  [2,51]. 
Our  current  model  provides  a  new  avenue  to  study  fear-induced 
activity  during  sleep  and  to  answer  these  important  questions 
under  controlled  laboratory  conditions. 
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